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Abstract
This thesis discusses development of a technique for generating, ma-
nipulating, and detecting real time nuclear spin polarization in a GaAs
quantum well by using a spin transition of the filling factor ν = 2/3.
NMR measurements clearly indicate that spin unpolarized and po-
larized domains separated by domain walls coexist at the transition.
We investigate the role of domain walls in mediating dynamic nuclear
polarization and demonstrate that it is possible to selectively depolar-
ize one type of nuclear spin (upward or downward nuclear spin with
respect to the applied magnetic field). We study the intricate electron-
nuclear spin interaction in bilayer total filling νtot = 2 and single layer
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When electrons restricted to a two-dimensional plane are subjected to a strong
perpendicular magnetic field at low temperature, they often form peculiar char-
acteristics as a manifestation of the Landau level (LL) quantization and collective
charge reorganisations[1, 2]. Amongst typical examples are the various quantum
Hall effects characterized by the development of a flat plateau in the Hall con-
ductance and vanishingly small longitudinal resistance[3, 4]. The quantum Hall
states probably one remarkable example of macroscopic quantum effect after the
discovery of superconductivity.
It has been anticipated that spin degree of freedom plays a crucial role in
the quantum Hall system[2]. In material with non-zero nuclear spin such as in
GaAs semiconductor, naturally the electron spin and the nuclear spin are cou-
pled through the contact hyperfine interaction. The interplay between them lies
at the heart of many fascinating phenomena including dynamic nuclear polar-
ization, Knight shift, and Overhauser/Hyperfine field[5]. The polarized electron
spin introduces an extra magnetic field at the nuclear site and responsible for a
shift in the nuclear magnetic resonance frequency, known as Knight shift. Recip-
rocally, an ensemble of nuclear spin polarization collectively generates an effective
magnetic field on the electron spin.
In recent years, the study of coupled electron-nuclear spin in semiconductors
has generated tremendous research output, both theoretically and experimentally[6].
It is partly motivated by a race to build an operable quantum computer that could
arguably outperform a classical computer for certain algorithms[8]. Developing an
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1. Introduction
integrated method to be able to both probe and manipulate the nuclear–electron
spin degrees of freedom by any electrical means is clearly an important issue to
achieve the target and such a feat also may provide a unique opportunity to build
a novel and sensitive Nuclear Magnetic Resonance (NMR) based on solid-state
system. The progression in this field, however, will rely on our understanding
of the nature of nuclear spin itself and its interaction with surrounding electrons
in semiconductor host[9]. This understanding may shed light to produce some
necessary ability to manipulate the nuclear spin degrees of freedom to full ex-
tent by using conduction electrons only in semiconductor quantum structures. It
composes the main motivation for the work presented here.
The crux of this thesis is divided into 5 chapters
In the second chapter of this thesis we will review physics of two dimensional
system under a strong magnetic field. It includes the basic concept of integer
quantum Hall states, fractional quantum Hall states, and the origin of ferromag-
netism in quantum Hall states.
In the third chapter we will discuss how to fabricate the device how to carry
out low temperature experiment presented in this thesis.
In the forth chapter we will discuss physics of spin transition of the filling
fraction ν = 2/3 based on a composite fermion picture. We then demonstrate
how the spin transition can be utilized for electrical nuclear magnetometry.
Chapter 5 is dedicated to the nuclear spin interaction with electrons of the
bilayer total filling factor νtot=2 and single layer filling factor ν = 1. It is shown
that the presence of low excitation mode can dramatically alter the nuclear spin
polarization distribution.




System in Magnetic Field
2.1 Two-Dimensional Electron Gas in a GaAs
Quantum Well
The technological advancement in semiconductor nanostructures permits us to
confine electrons motion to a plane by means of band-gap engineering. There
are several techniques to construct two-dimensional electron gases. One typical
example is depicted in Fig. 2.1, the energy bands in a AlGaAs/GaAs ”sandwhich”
are used to trap the electrons in a GaAs quantum well since AlGaAs has a larger
band gap than GaAs. The electrons motion are effectively confined in a two-
dimensional plane while their energies are quantized in the confinement direction.
Electrons from Si-donor layers1 fall into the quantum well providing the electrons
of the 2DES. The energy spacing between two lowest subbands can be in the
order of 103 K which is much larger than the experimental temperature carried
out in this thesis, hence the electrons are effectively condensed into the lowest
subband level. The energy dispersion En(k) has a parabolic feature given by the
1Thanks to the advent of modulation doping, the donor layer is spatially separated away
from the quantum well to reduce scattering of electrons, resulting in very high electron mobili-
ties.
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following expression:




here, i denotes the subband levels, k is the wave vector, and m∗ is the electron
effective mass of GaAs.
Figure 2.1: Schematic diagram of a two-dimensional electron gas. (a) Schematic
view of a GaAs quantum well. The electrons are provided by the Silicon donors
and trapped in a GaAs quantum well creating a two-dimensional electron gas. (b)
Schematic view of the band energy of a quantum well which has a parabolic energy
dispersion. (c) The corresponding density of states in the absent of magnetic field.
The density of states D(E) corresponding to a single subband is given by









where gs = 2 is the spin degeneracy. The electron density is related linearly to
the Fermi energy EF such that n = m
∗EF/pi~2. The second subband would start
populating when the Fermi energy exceeds the second subband.
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2.2 Classical Hall Effect
When an electrical current I drives through a two-dimensional conductor in a
perpendicular magnetic field B, the magnetic field tends to push the charge car-
riers transverse to the electrical current direction due to the Lorentz force. As
a result, the charge carriers are accumulated in one side of the conductor as to
balance the Lorentz force, producing a measurable voltage between two sides of
the conductor known as Hall voltage. In a typical Hall measurement, the current
I is applied between two ohmic contact pads served as source and drain. The Hall
resistance Rxy = Vy/I and the longitudinal resistance Rxx = Vx/I, where Vy and
Vx are the Hall and the longitudinal voltage respectively, are measured simulta-
neously by attaching another ohmic contact pads in each edges of the conductor
(see the Fig 2.2). The resistance is plotted as a function of the perpendicular
magnetic field B.
Figure 2.2: Schematic configuration of a Hall bar device used to investigate mag-
netoresistance in two-dimensional electron systems. Rxx and Rxy are measured
by attaching contact pads on each sides of the Hall bar.
According to a Drude model of metal, each electrons driven by the current
along the conductor can be viewed as a point-like particle. The particles travel
from source to drain will experience collisions with ions in a host material. The
effect of the collisions makes the electrons scatter off, preventing them from being
accelerated. This effect can be taken into account by introducing a frictional
5
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= eEx −m∗ v
τ
(2.3)
where m∗, v, Ex, and τ are the electron effective mass, the electron velocity, the
electric field in x-direction, and the scattering time (the damping characteristic).
Hence solving the equation of motion will get the electron velocity v = −eτEx/m∗
or v = −µEx where µ is defined as the electron mobility that gives us the infor-
mation about the sample quality. The electric field Ex can be expressed in term
of a current density jx as Ex = (m
∗/ne2τ)jx, with jx = I/w.
In the presence of the perpendicular magnetic field B, the equation of motion




= −e ~E − e~v × ~B −m∗~v
τ
(2.4)
where the second term in the right hand side is the Lorentz force. In a steady
state, the time derivatives is zero. The electron velocity in x and y components
are given by
vx = −µEx − ωCτvy and vy = −µEy + ωCτvx (2.5)
Here ωC = eB/m
∗ is the cyclotron frequency. Since the current does not flow
along y direction, thus we must have vy = 0. From equation (2.5), we can get a




The potential components along x and y directions can be written as Vx = Exl






















According to the classical theory we already described, the Hall resistance
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increases linearly with magnetic field. In a gated sample, the formula helps us to
determine the carrier density.
2.3 Charged Particle in Strong Magnetic Field
We already know that a charged particle in a two dimensional plane will move
into a circular orbit when it is subject to a homogeneous perpendicular magnetic
field B as depicted in Fig 2.3a. The angular frequency ω and orbit radius rc are








where e is the charge and m is the particle mass. One might notice that its
energy ~ω does not depend on the reference frame (guiding center Rc) but rather
on its position and velocity relative to the guiding center. Classically the particle
can take on any arbitrary energy or orbital frequency. However when quantum
mechanics comes into play, the energy of the particle is quantized into discrete








here n is an integer number. In quantum mechanics, the concept of guiding
center is adopted in term of degeneracy of Landau level since there is a very large
number of possible choices to select it.
Figure 2.3: A charged particle in a magnetic field.
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In the context of quantum Hall effect, it is very useful to define a filling factor





where n stands for the electron density per unit area(L × L). At a constant
electron density, the number of occupied Landau levels decreases inversely with
magnetic field. The wave function for a given Landau levels can be obtained by




(p+ eA)2, (∇× A) = (0, 0, B) (2.12)
by choosing two different potential gauges namely Landau gauge A = (0, Bx, 0)
which is translationally symmetric in one direction and symmetric gauge A =
1/2(By, −Bx, 0) which is rotationally symmetric at the origin, one gets the
following wave function for the lowest Landau level
ψky(x, y) = exp(−ikyy) exp[−(x+ ky)2/2l20], ky/(2pi/L) = 0, 1, 2, . . . (2.13)
ψz = z
m exp(−|z|2/4l20), m = 0, 1, 2, . . . (2.14)
here z = x + iy is a complex number. If we restrict ourselves to the lowest
Landau level (LLL), it is clear that its wave function has a Gaussian character.
The electron wave function is spread over by the magnetic length l0 =
√
~/eB.
2.4 Integer Quantum Hall Effect
We already see that the kinetic motion of the particle is quantized into a set of
Landau energy levels under the influence of perpendicular magnetic field. What
remains to be seen is why surprisingly the Hall resistance exhibits numerous clear
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The value is so precise that nowadays the resistance value at ν = 1 has become








here ∆ is an energy gap in the excitation spectrum. In the limit T → 0, Rxx goes
to zero indicating dissipationless transport.
Figure 2.4: Integer quantum Hall effect. The Hall resistance is quantized at
integer filling factor.
It is almost impossible to observe the clear plateaus if the Landau level spec-
trum were discrete since the level will immediately jump from one level to an
adjacent level. It turns out that impurities/disorders are necessary to explain
the observed clear plateau. Disorders produce a range of energy within the ”for-
bidden” Landau gap making our Landau levels broaden into bands. The half








here τ0 is the scattering time. At high magnetic field, the broadened Landau level
is smaller than the cyclotron energy gap as depicted in Fig. 2.4b. At the center
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of the Landau level, there is an extended state that can carry electrical current
while on each sides of the center there is a localized state that does not contribute
to the conductivity.
2.5 Fractional Quantum Hall Effect
After the remarkable discovery of the integer quantum Hall made by K. von
Klitzing[3], D. Tsui and his collegues discovered the plateau at fractional filling
factor ν = 1/3 (only 1/3 of the available states are occupied in the lowest Landau
level)[4]. Soon people started to observe the plateau at other rational fractional
filling factors in much higher electron mobility GaAs samples as depicted in Fig.
2.5. In the lowest Landau level, this plateaus occur at certain sequences
ν =
b
2pb± 1 or ν = 1−
b
2pb± 1 (2.18)
Here b and p are integer numbers. Indeed the underlying physical mechanism
of this fractional states should be different from the integer one. For integer
quantum Hall states, the incompressibility comes from the fact that excitation
costs at least the energy ~ω. But at filling fraction ν = 1/3, according to a non-
interacting picture, its excitation involving rearrangement of electrons within the
lowest Landau level should not cost energy (see Fig. 2.6a). It turns out that due
to electron-electron interactions, the degeneracy within the lowest Landau level
is lifted up and the system cleverly selects one special ground state to minimize
the overall energy (see Fig. 2.6b). The ground state now is separated by a gap
from the excitations.














here m is an odd number. One can notice that the trial wave function proposed
by Laughlin resembles equation 2.14, the lowest Landau level wave function of
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Figure 2.5: Fractional quantum Hall effect. The plateaus occur not only at the
integer filling factors but also occur at the fractional filling factors in high mobility
sample. after [12]
non interacting electrons with the symmetry gauge. Only this time, the first
term is modified to accommodate electron-electron interactions by replacing the
polynomial zm with Jastrow form. Fermi statistic requires the first term to be
anti symmetric, making m has to be an odd number. If there are N number of
electrons, the number of zeros it has will be N−1 (looking at the first polynomial
”Jastrow” term). Each zeros in the polynomial can be interpreted as a vortex.
Now every electron has to avoid each other |zi − zj| → 0 and spread uniformly,
this is ensured if every electrons is bounded to vortices. The factor (zi − zj)m
means ith electron sees m zeros/vortices at the position of jth electron.
2.6 Ferromagnetism in the Lowest Landau Level
At the lowest Landau level (ν ≤ 1) one might naively expect that the kinetic
motion of electrons is completely suppressed and the spin degree of freedom is
effectively frozen out by the Zeeman splitting gµBB. However, the expectation
is incorrect for a GaAs based 2DES for two possible reasons. First, due to spin-
orbit coupling, Lande g-factor is reduced from its bare value g ≈ 2 to g∗ ≈ −0.44.
Second, a small electron effective mass m∗ = 0.068 increases the cyclotron energy
gap by a factor of m/m∗ ∼ 14. Thus the rescaling makes it possible to be in a
regime where the orbital motion is suppressed but the electron spin fluctuation is
11
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Figure 2.6: Strong electron-electron interaction is responsible for opening a se-
ries of gaps in the Landau energy spectrum, leading to observation of fractional
quantum Hall states.
not completely frozen at typical cryogenic temperature, routinely accessed exper-
imentally. The relevant energy scales appropriate for GaAs is estimated in table
2.1 to give the reader a better context.






Table 2.1: Relevant energy scales parametrize for GaAs (energy in Kelvin unit).
B is the applied magnetic field in Tesla unit.
The usual assumption that the electron spin is always fully polarized at the
lowest Landau level therefore is not valid any more. Indeed, the electron spin
polarization at various filling factor ν ≤ 1 measured by Kukushkin et al.[14, 15]
clearly indicated the spin configuration can be fully polarized, partially polar-
ized, and fully unpolarized depending on the applied magnetic field. The transi-
tion from different spin configuration sometimes is accompanied by a compli-
cated hysteresis pattern reminiscent of domain walls formation in a classical
ferromagnet[16]. The physics of spin transition found in quantum Hall regime
is largely driven by strong electron-electron interaction, in contrast to classical
ferromagnetic transition that is mainly driven by thermal fluctuations.
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In addition, coupling to nuclear spins may also be responsible for the hys-
teritic behavior in magnetotransport measurement. In GaAs, the nuclei consist
of I = 3/2 nuclear isotopes of 75As, 69Ga, and 71Ga. The coupling to conduction
electrons is possible mainly through contact hyperfine interaction. Kronmuller
et al. [17] observed a huge resistance spike at the position of the filling ν = 2/3
minimum when the magnetic field is swept up very slowly. The time scale for
development of this huge spike can be up to several hours. This apparent slow
dynamical response is attributed to nuclear spins feature. The possible involve-
ment of nuclear spins has been verified by resistively detected nuclear magnetic
resonance (RDNMR)[18, 19]. Smet et al. [9] and Hashimoto et al.[20] used the
salient feature of the spin transition of the filling ν = 2/3 as a means to study
electron–nuclear spin dynamics in quantum Hall regime, from which they could
estimate nuclear spin relaxation time T1.
Ferromagnetism in quantum Hall effect can have different facet. In this case,
the spin transition produces entirely new phases associated with gapless excitation
in the energy spectrum even under external magnetic field. This phases are unique
to certain filling factors and of great interest in terms of its special collectiveness.
Some notable examples are Skyrmion crystal formation predicted to form near
filling factor ν = 1[21] and canted antiferromagnetic phases in bilayer total filling
factor νtot = 2[22, 23]. Another interesting example is Bose-Einstein condensation
in bilayer total filling factor νtot = 1[24], however beyond the scope of this thesis.
2.7 Contact Hyperfine Interaction
As explained in the previous section, the nuclear spin can interact with the elec-
trons in conduction band. For conduction bands primarily composed of s-type
orbitals such in III-V GaAs semiconductor, the nuclear spin interacts with the
electron spin mainly through the contact hyperfine interaction. The interaction






Aiδ(~r − ~rk,i)Ik,i · S (2.20)
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here u0 is the unit cell volume of GaAs, ~rk,i is the position of kth nuclear spin of
species i, ~r is the electron position, Ik,i is the nuclear spin operator of species i,
S is the electron spin operator, and Ai is the contact hyperfine coupling strength
which depends on the nuclear species. The contact hyperfine interaction requires
the non-vanishing electron wave function at the nuclear site which is represented
by the delta function in the Hamiltonian.








In this new expression, the nuclear spin is seen as a field (we name it the hyperfine
field with magnitude BN = A〈Iz〉/g∗µB) coupled to the conduction electrons,
precisely on its spin. The exerted hyperfine field has an effect on modifying the
Zeeman energy
EZ = |g∗|µB(B +BN) (2.23)
Nuclei I Natural abundance A (µeV)
75As 3/2 100% 86
69Ga 3/2 60.4% 74
71Ga 3/2 39.6% 96
Table 2.2: Nuclear spin, natural abundance, and its corresponding hyperfine
coupling strengths for GaAs semiconductor are indicated.
GaAs is blessed naturally with three stable isotopes and all have nuclear spin
I = 3/2 as indicated in table 2.2. For each species, its energy level splits into a four
equidistant energy level under the external magnetic field. The hyperfine coupling
is rather strong for GaAs, the average hyperfine coupling is ∼ 90µeV. This strong
coupling manifests itself in huge hyperfine field generated by all species on the
electron spin BN = A〈Iz〉/g∗µB. In fact, Paget[25] estimated that if all nuclear
14
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spins in GaAs were fully polarized, the generated hyperfine field would be as high
as −2.724 T for 75As, −1.358 T for 69Ga, and −1.145 T for 71Ga. The negative
sign indicates an opposition to the external magnetic field. In principle for all
nuclear species, the hyperfine field has an effect of reducing or increasing the
Zeeman energy. Taking g∗ = −0.44, the upward nuclear spin polarization 〈Iz〉
has an effect of reducing the Zeeman energy, while the downward −〈Iz〉 nuclear
spin polarization has the opposite effect.
2.8 NMR and Prior Electron–Nuclear Spin Re-
laxation Studies
Nuclear magnetic resonance has made significant impact on our understanding on
inner structure of liquid and solid matter by probing the local field distribution.
The technique provides important information about spin and vortex dynamics.
Although much progress has been achieved since its birth, the application still
remains limited to bulky materials with a relatively large number of nuclear spins
≥ 1017. Low dimensional nanostructures, for example a single quantum well with
number of nuclear spin ≤ 1015, certainly can not take benefit of conventional
NMR technique since the produced signal is just too small to be detected by a
pick-up coil. Alternatively to achieve sufficient detectable signal, one can stack
multiple quantum wells at the expense of losing the carrier density controllability.
However, recently more appealing alternative to the conventional one namely
the so-called resistively detected NMR (RDNMR) has been developed. Unlike
the conventional NMR, the signal coming from an ensemble of nuclear spins is
detected by in situ conduction electrons, thanks to the contact hyperfine coupling
between them. The applicability opens up a new avenue to study novel spin
physics in quantum Hall effect.
The RDNMR technique has been successfully devised in the breakdown regime
filling factor ν = 1[26], edge channels[27], and the spin transition of the filling
ν = 2/3. In conjunction with the carrier density tuning, the latter has gained
more interest owing to its superiority to unravel quantum Hall states inaccessible
to the two former technique. Hashimoto et al.[20] observed an increase in nuclear
15
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spin relaxation rate near filling factor ν = 1 and peaked at |1 − ν| ≈ 0.1. An
enhanced nuclear spin relaxation rate is attributed to the presence of electron
spin texture known as Skyrmions. Kumada et al. also observed similar tendency
in bilayer total filling factor νtot = 2, where an increase in the relaxation rate is
due to the presence of new canted antiferromagnetic phase with linearly gapless
dispersion mode in the limit of long wavelength.
In this thesis, the technique is further extended to capture previously unex-
plored spin physics in quantum Hall regime. Our approach is distinct from the
previously developed technique[20]. In our case, we are able to monitor nuclear
spin distribution and relaxation due to interactions with electrons of particular
quantum Hall states of interest. This is done by tracing out the spin transition
of the filling ν = 2/3 and analyze a change in the peak position (peak shifting),






The 2DES wafers we used in the present study are AlGaAs/GaAs/AlGaAs-type
quantum wells grown with molecular beam epitaxy at NTT basic research labo-
ratory. Throughout this study we used two different quantum well structures as
depicted in Fig. 3.1. One wafer depicted in Fig. 3.1a has a single active quantum
well (SL) and another one depicted in Fig. 3.1b has two identical quantum wells
separated by a 2.2 nm insulation barrier (BL). The sample was patterned into
a Hall bar geometry by means of photo-lithography and wet etching processes.
Ohmic contact pads for transport measurement were made with Ni/AuGe/Ni
alloys annealed at a temperature of 4200 C. For bilayer sample, Ti/Au gate elec-
trode covering the Hall bar was fabricated. The devices were glued onto 16-pins
chip carriers and baked at 1000C for as long as 30 minutes. Aluminum wire was
used to wire-bond between the chip and Ohmic contact pads or gates.
3.2 Measurement Setup
The low temperature magnetotransport and NMR measurements presented in
this study were carried out on two types of cryogenic system namely Oxford Top
17
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Figure 3.1: GaAs wafer grown with molecular beam epitaxy. (a) a 20−nm width
single quantum well stucture and (b) a 20−nm width identical double quantum
well structure separated by an insulation barrier of 2.2−nm.
Loading and MX-400 dilution units.
Top Loading unit. The sample is top-loaded into the cryostat and immersed
in the He-3/He-4 liquid with a base temperature of 40 mK. The unit is equipped
with a superconducting magnet capable of generating magnetic field up to 12
Tesla. NMR measurements were carried out on this unit since it has larger
cooling power than MX-400 unit.
MX-400 unit. The sample is mounted at the end of a cold finger in vacuum.
The cold finger is thermally attached to the bottom of mixing chamber. The unit
has a base temperature of 30 mK. The unit is equipped with a superconducting
magnet capable of generating magnetic field up to 15 Tesla.
3.2.1 Quasi-AC Electrical Transport
We used a standard lock-in technique at low frequency f = 13.4 Hz for the
electrical measurements. A sinusoidal excitation voltage was generated by a WF
signal generator. The signal generator was connected to a 50 MΩ/10 MΩ and
18
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Figure 3.2: Magnetotransport measurement setup. The device was refrigerated
far below liquid Helium-4 temperature. The device was connected to outside
measurement units.
a standard resistance of 100 kΩ in series to get a constant excitation current
ranging from 1 nA to 60 nA. The Source-Drain, longitudinal, and Hall voltages
were measured simultaneously with three different lock-in amplifiers Princeton
M-5210. The lock-in amplifier outputs were linked to a NI USB-9239 to record
simultaneously the measured voltages. The gate voltages were applied to the top
and back gate by an Agilent 4121B.
3.2.2 NMR measurement
To perform NMR measurement, a single turn coil is wound around the sample to
generate the radio frequency (RF) waves across the Larmor frequency of nuclei. A
single turn coil turns out to be strong enough to generate homogeneous in plane
sinusoidal magnetic field near the quantum well. The RF signal was supplied
by Agilent E44268. It can be combined with a programmable pulse generator
Thamway N210-10265 to generate a series of RF pulses.
19
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3.3 Device Electrical Properties
3.3.1 Hall carrier density and mobility
The Hall measurement technique was used for determining the carrier density and
mobility as a function of gate bias voltages at low temperature. The excitation
current 10 nA was applied between source and drain leads. The magnetic field
B = 0.1 T perpendicular to the sample was applied. The measured longitudinal
and Hall resistance provide information on the electron density n and mobility µ






















here L and W are the length and the width of the Hall bar geometry respectively.
The length to width ratios of the Hall bars used in this study were 3.6 for single
layer devices and 3.33 for double layer devices. High electron mobilities and good
controllability of electron densities were obtained in both quantum well structures
as indicated in table 3.1.
wafer type electron density mobility
Single layer 1015 m−2 200 m2/Vs
Front layer of bilayer 1015 m−2 130 m2/Vs
Table 3.1: Typical electron density and mobility of the wafer we used.
3.3.2 Shubnikov–de Haas Oscillations and Tunneling Gap
When two separate layers are brought into close proximity, exchange between
these two layers causes hybridization of the energy levels. It makes the lowest
two energy states in the top |ψT〉 and bottom |ψB〉 layers are separated into
symmetric (the ground state) and antisymmetric states (the first excited state)
20
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(|ψT〉 − |ψB〉) (3.4)
The initial gap for the structure we used in this study is estimated to be ∆SAS ≈ 15
K at ntot = 1.45× 1015m−2.
∆SAS can be measured quite easily by electron transport. In the strong tunnel-





(ns − na) (3.5)
here ns and na are symmetric and anti-symmetric electron densities. The electron
densities can be evaluated from Shubnikov de Hass oscillations. The oscillations
are periodic in 1/B with frequency f = nh/2e, thus by computing the Fourier
transform of Rxx as a function of 1/B one should be able to observe a sharp peak
at this frequency. The peak directly corresponds to ns and na densities.
Figure 3.3: Shubnikov de Hass oscillation for three different back gate voltage
values.
In typical experiment, one can vary the tunneling gap by applying electric
field across the growth direction through gate bias voltages. To take into account
the applied gate bias effect on the tunneling gap, one has to solve the following
2× 2 Hamiltonian
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2 + (eV )2 (3.6)
here by definition ∆0SAS is the tunneling gap at zero charge imbalance δ = 0 and
V is the voltage drop across the quantum well. If we treat the quantum well as
a parallel plate capacitor, alternatively V can be viewed as the applied voltage
between two plates of the capacitor with
Figure 3.4: Schematic illustration of tunneling gap ∆SAS variation as a function




, Q = e
1
2
(nb − nf ) = e1
2
ntotδ (3.7)
here Q is the charge per unit area that has been transferred by the voltage V . One
comes up with the following quadratic dependence of ∆SAS on charge imbalance
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here a is a constant.
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Chapter 4
Nuclear Magnetometry at Spin
Phase Transition ν = 2/3
4.1 Spin Transition at ν = 2/3
An intuitive way to understand various spin related phenomena in the fractional
quantum Hall states is through a composite fermion (CF) picture[1]. This is done
by cleverly mapping the fractional quantum Hall in terms of integer quantum Hall
of composite Fermion. In the CF model, filling factor ν = 2/3 corresponds to
integer filling factor νCF = 2 of CF. The CF particle at ν = 2/3 comprises of
one electron and two magnetic flux quanta. Consequently, the CFs experience a
reduced magnetic field, which in mean field approximation, is given by
Beff = B(1− 2ν) (4.1)
therefore the effective magnetic field experienced by the CFs at ν = 2/3 is Beff =
−B/3. The CFs energy spectrum is quantized into a series CF Landau levels.







here mCF ≡ α
√
Bme is the composite fermion effective mass [28]. Due to the Zee-
man effect, each CF Landau levels further splits into two spin sublevels separated
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Figure 4.1: (a) Normal Landau level energy diagram and (b) composite fermion
Landau level energy diagram at the filling fraction ν = 2/3.
by EZ = |g∗|µBB. In contrast to the electron Landau level spectrum, the levels
(0, ↓) and (1, ↑) can cross each other at certain range of magnetic field Bt and νt
when the Zeeman energy equals to the CF cyclotron energy gap (see Fig. 4.1).
The electronic system at the transition experiences a first-order spin-phase tran-
sition from a spin-unpolarized (↑↓) to a spin-polarized (↑↑) ground state (see Fig.
4.2) as the magnetic field further increases above Bt. Recently an indication of
formation of ferromagnetic-like states—i.e. two different electron spin domains
(↑↓ and ↑↑) separated by domain walls—at the transition point has been un-
covered through magnetotransport experiments[16, 29], NMR spectroscopy[30],












One should aware that the above calculation is derived for a pure two dimen-
sional system. A more careful analysis should include a finite thickness of the
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quantum well into account. Under this condition, the envelope wave function is
no longer perfectly confined in the quantum well but slightly penetrates into the
barriers. Consequently, the Coulomb potential is softened. A modified Coulomb
potential V , introduced by Zhang and Das Sarma [32], takes the following form
V ∝ (l2B + λ2)−1/2 (4.5)
here λ is the effective thickness. Following the argument of Y. Q. Li[33], the
































here B0t is the spin transition eq. for zero thickness case. Taking the limit
Bλ →∞, one can recover the zero thickness spin transition equation.
4.2 Detection of Nuclear Spin Polarization
4.2.1 Thermal Nuclear Spin polarization
Consider an ensemble of nuclear spin I pointing along z-axis with a magnitude
is proportional the average expectation value of 〈Iz〉. The value of nuclear polar-
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Figure 4.2: Spin transition of the filling fraction ν = 2/3. Spin configurations of
each ground states are indicated by the white arrows.










〈Iz〉(B, T = 0) (4.11)
for the nuclear spin with I = 3/2, the equation boils down to













here ∆n = ~γnB is the nuclear Zeeman energy and γn is the gyromagnetic ratio
of nuclei.
The calculated hyperfine field generated by the thermal nuclear spin polariza-
tion based on eq. 4.11 as a function of temperature for 5.75 T, 7.45 T, and 10 T
is plotted in Fig. 4.3.
Although the polarized nuclear spins are pretty small even at low tempera-
ture (commercial cryogenic temperature range), in fact this miniscule effect can
be sensitively detected by the spin transition at ν = 2/3. Fig. 4.4 depicts the
SPT peaks at temperatures of 160 and 70 mK, along with a Gaussian fit to bet-
ter estimate the peak position. The peak position clearly shifts to a lower filling
when temperature is decreased from 160 to 70 mK, with a peak-to-peak shift of
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Figure 4.3: The calculated thermal nuclear spin polarization as a function of
temperature for 5.75 T, 7.45 T and 10 T.
Figure 4.4: Nuclear polarization scheme readout for the SPT peak of the filling
ν = 2/3. (a) The SPT peak at temperatures of 160 and 70 mK. (b) Schematic
illustration of the readout scheme. In the present of a hyperfine field BN , the
SPT peak line shifts vertically either to a lower or a higher magnetic field. (c)
In the Rxx − ν plane, the relocation of the SPT line is seen as a shift of the SPT
peak either to a lower or a higher filling factor.
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∆νp(160→ 70 mK) = 0.008. The shift represents an increase in the net thermal
nuclear polarization of the upward nuclear spin 〈+Iz〉. Using a Boltzmann distri-
bution, we estimated that the net thermal polarizations at 160 and 70 mK with
a constant magnetic field of 7.45 T were approximately 1.74% and 3.9% respec-
tively. We could roughly estimate that the hyperfine fields produced at 160 and
70 mK were -0.09 and -0.21 T respectively. Then the ∆νp(160→ 70 mK) = 0.008
roughly translates to ∆BN = −0.12 T.
We display in Fig. 4.4(b) - (c) schematic illustration of the possible scenario to
explain the spin transition peak shift in the present of nuclear polarization. The
non-zero nuclear polarization 〈Iz〉 produces a hyperfine field BN = A〈Iz〉/g∗µB
where A(> 0) is the hyperfine constant and g∗ = −0.44 is the electronic g-factor.
Since g∗ has a negative value, the positive nuclear polarization 〈+Iz〉(> 0) results
in a negative hyperfine field (BN < 0), resulting in the Zeeman splitting being
reduced as EZ = |g∗|µB(B+BN). The reduction of the Zeeman splitting shifts the
SPT vertically to a higher magnetic field to preserve the ratio between the Zeeman
and the Coulomb energies ηC(B, ν) = EZ/EC ∝ |g∗|µB(B+BN)/
√
B|ν− 1/2| at
which the SPT occurs (see Fig. 4.4c). If we sweep the filling factor around the spin
transition and measure its Rxx(ν) at a constant magnetic field B, the relocation
of the spin transition peak will appear at a lower filling factor with respect to
the spin transition with BN = 0 (see Fig. 4.4c). The scenario is applied for the
negative nuclear spin polarization 〈Iz〉−(< 0), but with the opposite direction,
i.e, to a higher filling factor. The separation of the spin transition peaks between
70 and 160 mK is quite large and equals the half-width of the Gaussian fitting in
Fig. 4(a) in spite of the nuclear polarization difference between these two being
only 2.23%. Although the resolution of the spin transition peak position depends
on a noise level during the measurements, the data shown in Fig. 1(a) suggest a
possibility to detect a nuclear polarization less than 1% of the total nuclear spins.
Fig. 4.5 shows the effect of RF radiation on the spin transition peaks at a
temperature of 40 mK. Here we applied RF pulses to the sample at the Larmor
frequency of arsenic nuclei (with a pulse width of 50 µs which is large enough to
cover the NMR spectrum width and a duty cycle of 50%) to destroy entirely the
nuclear polarization. It is worth nothing that 75As has the highest nuclear abun-
dance (100%) amongst the other nuclear species, 69Ga(60.4%) and 71Ga(39.6%),
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Figure 4.5: Depolarization of the As nuclei by RF irradiation. The SPT peak is
significantly shifted to a higher filling factor after RF irradiation as long as 600
sec. The shift is about half the peak-to-peak shift of 40→ 300 mK.
in a GaAs QW contributing to half of the thermal polarization. We depleted
the 2DEG during the RF irradiation because the recovery of nuclear polarization
were greatly suppressed and the nuclear spin resonance line were very sharp. The
SPT peak at 40 mK was shifted to a higher filling after RF irradiation. The
peak-to-peak shift is approximately half the spin transition peak position at 300
mK, which indicates that 75As nuclear polarization is completely destroyed. On
top of that, the peak widths before and after RF irradiation, as fitted by using
a Gaussian function, were almost comparable, which gives indirect evidence that
the thermal nuclear polarization is spatially homogeneously polarized throughout
the sample as we anticipated.
We have to note that although the equilibrium nuclear spin polarization de-
tected at the filling factor ν = 2/3 followed Boltzmann statistic, Smet et al ob-
served [34] that the anticipated thermal nuclear spin polarization can be strongly
electronic filling factor dependent. The deviation from the simple Boltzmann
statistic arises from the strong electron-electron interactions.
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4.2.2 Dynamic Nuclear Spin Polarization
The spin transition is not only capable of sensitively detecting the nuclear po-
larization, but also capable of polarizing dynamically the nuclear spins via the
electron spins around the domain walls[18, 19, 20, 30, 35]. A change in the electron
spin angular momentum ±1 when passing through the domains, simultaneously
alters the nuclear spin angular momentum in the opposite way to conserve the
total momentum as required by the second term in the Hamiltonian equation
4.12.







Fig. 4.6 shows the profile of the spin transition after flowing excitation current
to the transition point for as long as 0 to 500 seconds. We can classify the data
into two regimes, low excitation current regime (< 10 nA) and high excitation
current (> 30 nA). The high current regime data shows that the spin transition
transforms into a huge and broadened curve. It is likely that the polarised nuclear
spins altered largely the spatial profile of the Zeeman field, in particular for the
data set of (60 nA, 500 sec) depicted in Fig. 4.6a. However in contrast to the low
excitation current regime, the spin transition does not massively transform into
a huge curve. Although it remains unclear why we need high excitation current,
but perhaps it relates to higher probability to transfer and exchange angular
momentum between the electron and nuclear spin around domain boundaries.
In addition, the data presented in Fig. 4.6 seems to suggest that we can
control the degree of nuclear spin polarization by varying either the polarisation
time or excitation current.
4.3 Domain walls and nuclear polarization
In the previous section, we already see that one can polarize the nuclear spin
ensemble by applying high excitation current at the spin transition ν = 2/3. In
this section we will investigate in more details the role of ferromagnetic domains
at the transition in hosting the nuclear spin polarization. Specifically we would
like to address the question of how one particular type of nuclear spin relates to
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Figure 4.6: Excitation current and polarization time dependence on the spin
transition ν = 2/3.
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either spin-polarized or -unpolarized domains. To answer the question, we apply
radio frequency (RF) pulses to spin-polarized (spin-unpolarized) resonance and
use the shift in the transition curve to determine the dependency, if any.
The NMR spectrum of the 75As (71Ga) nuclei with the nuclear abundance
of 100% (39.6%) obtained at the transition of ν = 2/3 is depicted in Fig. 4.7a
(b). The spectrum is obtained by polarizing the nuclear spin dynamically and
simultaneously sweeping the radio frequency across the Larmor frequency of the
75As (71Ga) nuclei using continuous wave mode. The two signals are visible in the
spectrum, separated by a Knight shift of 20.2 (22.2) kHz. The right resonance R
corresponds to zero Knight shift in depletion regime which associated with the
spin-unpolarized domain. The other minima at the left L corresponds to a Knight
shift produced by the spin-polarized domain[30]. The ”Shoulder” observed at the
R resonance in the 75As NMR spectrum is due to quadrupole splitting of ∼ 2
kHz. The shoulder is absent in the (71Ga) NMR spectrum since its quadrupole
moment is almost two times smaller than in the 75As. However, we should note
that the visibility and magnitude of the quadrupole splitting in our sample highly
depends on the cooling process which may result in different thermal shrinkage.
These results confirm that the nuclear polarization takes place in both the spin-
unpolarized and -polarized electron domains, however, which electron domain
corresponds to which type of nuclear polarization is still unclear. To resolve the
issue, we apply RF pulse to those two minima and measure the resulting shift in
the transition curve.
Fig. 4.7c depicts selective depolarization of the 75As nuclei. The transition
curve visibly shifts to a higher filling factor with respect to the curve after DNP
when RF pulses were applied (pulse width = 250µs, power = 10 dBm, and duty
cycle = 66.6%) to the spin-unpolarized domain at the R resonance where the
pulse width where 250µs as long as 100 s. The shift is followed by a reduction
in the amplitude to ∼ 12 kΩ (see solid red line). This apparent shift arises from
the disappearance of the signal originating from a negative hyperfine field. The
absence of the negative hyperfine field corresponds to the disappearance of the
〈+Iz〉 nuclear spins. In other words, the number of 〈−Iz〉 overwhelms the 〈+Iz〉
after the RF exposure. The same argument applies to the RF exposure to the
spin-polarized domain, except the expected shift to a smaller filling factor is less
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Figure 4.7: NMR resonance line of (a) 75As nuclei and (b) 71Ga nuclei at the
transition of the filling ν = 2/3. Two observed resonance lines at the right (the
left) corresponds to spin unpolarised (spin polarised) domains. The transition
curve after radio frequency application. The transition curve measured after
radio frequency exposure at off resonance, R, and L resonance for the 75As (c)
and the 71Ga (d) nuclei. The dash line indicates the transition curve without
DNP.
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apparent due to a broad of spectrum. We confirm that applying the RF pulse
away from the resonance lines does not shift the transition curve, precluding
heating effect as the origin of the shift. The same tendency is observed for the
71Ga nuclei, but with a smaller shift due to the low nuclear abundance as depicted
in Fig. 4.7d. The results reveal that it is possible to selectively depolarize nuclear
spin polarization since one type of nuclear spin is coupled mainly to a specific
domain structure; that is, the 〈+Iz〉 (〈−Iz〉) nuclear spin is coupled to the spin-
unpolarized (polarized) domains and vice versa.
Figure 4.8: Schematic illustration of current-pumped-induced DNP at the tran-
sition with filling factor ν = 2/3. (a)-(b) The passing electrical flow across do-
mains (dashed arrow) results in nuclear spin polarization of the 〈+Iz〉 and the
〈−Iz〉 nearby domain boundaries (red thick arrow), depending on the electron flow
direction. (c) Local perturbation by the nuclear spin polarization alters domain
morphology by the following mechanism : the 〈+Iz〉 extends the spin-unpolarized
domain area and on the contrary the 〈−Iz〉 enlarges the spin-polarized domain.
(d) Applying RF pulse to the spin-unpolarized domain destroys the 〈+Iz〉 com-
ponent and the domains change accordingly.
Fig. 4.8 schematically illustrates a possible scenario to account for the ex-
perimental data presented in Figure 3. The passage of electrical current going
from one domain to another results in the 〈+Iz〉 and the 〈−Iz〉 nuclear spin po-
larization across the domain boundaries (see Fig. 4.8(a)-(b)). For instance, when
the electron tunnels from the spin-unpolarized to the spin-polarized, the electron
flips its angular momentum to the spin-up accompanied by the flop of the nuclear
spin 〈−Iz〉. The polarized nuclear spin locally perturbs the domain morphology
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which depends on the type of nuclear spin polarization present on the site. The
〈+Iz〉 tends to extend the spin-unpolarized domain area since the reduction of the
Zeeman energy favours the spin-unpolarized domain, whereas the 〈−Iz〉 enlarges
the spin polarized domain owing to the enhancement of the Zeeman energy (see
Fig. 4.8c). The coupling between the spin-unpolarized domain and the 〈+Iz〉
component is destroyed as a result of applying an appropriate radio frequency




in Quantum Hall Ferromagnet
The nuclear magnetometer capability to read and write the nuclear spin polar-
ization developed in the previous chapter, is tremendeously promising to sytem-
atically study electron–nuclear spin dynamics in a two dimensional electron sys-
tem. Here we demonstrate how the nuclear spin polarization is modified by the
presence of special electron spin configurations found in the total filling factor
νtot = 2 quantum Hall ferromagnets, the lowest Landau level in each layers is
occupied. Depending on the competition between the Zeeman ∆Z, and the inter
layer tunneling ∆SAS energy scales, the spin configuration can be ending up in a
ferromagnetic (FM), spin singlet (SS), or intermediate canted antiferromagnetic
(CAF) phase. The latter is interesting since the rotational symmetry is spon-
taneously broken in the XY plane, where there exists long-ranged ordering that
supports linearly dispersing Goldstone modes even in strong magnetic field B as
predicted [S. Das Sarma, PRL 1998]. So far the experimental evidence indicated
that the nuclear spin relaxation rate, proportional to the transverse electron spin
fluctuations, is strongly enhanced due to interactions with the CAF phase[N.
Kumada, Science 2006].
For this part of the experiment, we carried out the following procedure. First
we set the electron density in one layer to the filling factor ν = 2/3 with spin
polarized and unpolarized domains. The high excitation current Isd = 60 nA was
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applied for as long as 500 sec to induce dynamic nuclear polarization (DNP). Next
the carrier density was changed in both layers to reach the quantum Hall state
with νtot = 2 for several charge imbalances δ = nf−nb/ntot. The polarized nuclear
spins then interact with electrons of the bilayer νtot = 2. We interrupted the
process by temporary restoring the filling factor to a single back layer νb = 2/3 for
a given interval of time ”exposure time τn” and the remaining nuclear polarization
was readout by sweeping the gate voltage around ν = 2/3 with Isd = 2 nA for
as long as 25 seconds. Here the sweep time is much faster than the nuclear
spin relaxation time at ν = 2/3 (> 300 seconds). The remaining polarization
is a measure of nuclear spin relaxation rate due to interactions with the bilayer
electrons.
We found peculiar and unexpected feature of the nuclear spin relaxation pro-
cess due to interactions with the CAF phase. In addition to an increase in nuclear
spin relaxation rate due to the low energy excation state of the CAF state, we ob-
served a sudden change in nuclear spin polarization distribution after one second
interaction with the CAF state. This sudden change could possible a signature of
a cooperative emission coming from an ensemble of nuclear spin triggered by this
special electronic state. Ramping up the sample temperature will destroy this
state and the hyperfine coupling will get weaker. It is predicted that the state
undergoes Kosterlitz–Thouless (KT) transition at a finite temperature. Following
the same experimental procedure for different set of sample temperature, we were
able to estimate the KT transition temperature to be around 320 mK which is
smaller that the theoretical prediction 1 K suggesting disorder potentials could




The main work of this thesis are nuclear magnetometry based on the spin tran-
sition of the filling factor ν = 2/3 and electron-nuclear spin interaction in the
bilayer total filling factor νtot=2 and single layer filling factor ν = 1 quantum Hall
states.
Nuclear magnetometry we developed in chapter 4 is able to detect subtle
amount of ensemble nuclear spin polarization down to 2% polarization. We in-
vestigate the role of ferromagnetic domains at the spin transition ν = 2/3 in
hosting dynamic nuclear polarization. We found out that it is possible to selec-
tively depolarize nuclear spin polarization since one type of nuclear spin is coupled
mainly to a specific domain structure. We explained the underlying mechanism
of selective nuclear depolarization in terms of domain reconstruction.
We applied the developed nuclear magnetometry to study intricate interaction
between the nuclear spin and the CAF phase in bilayer νtot=2 and the Skyrmion
near filling factor ν = 1. The phases are predicted to develop low frequency spin
fluctuation that can effectively couple to the nuclear spin. We observed a sudden
change in the nuclear spin polarization distribution after one second of exposure
to these phases. We suggested that the sudden change in the distribution was due
to the possibility of collective radiation coming from the nuclear spin ensemble
and rapid in plane nuclear spin diffusion.
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